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It has been found that 0.5 MeV Si+ irradiation at −150°C greatly improves the crystal quality of
epitaxially grown Ag films on Si s111d substrates. The improvements include the decrease in the
population of twinning grains and the decrease in mosaic spread in the films. To clarify the
mechanism of the irradiation-induced improvement in crystal quality (IIICQ), polycrystalline Ag
films with f111g preferred orientation were also irradiated at −150°C. Grain growth in a lateral
direction was clearly observed in such Ag films using x-ray diffraction (XRD) analysis. It is evident
that the atomic rearrangements occur at grain boundaries due to low-temperature irradiation. On
irradiation with 0.5 MeV Si ions at −150°C the cross section for the grain growth, estimated by
XRD analysis, is about 1.8310−16 cm2, very close to that achieved with IIICQ s1.9310−16 cm2d
estimated by Rutherford backscattering spectroscopy/channeling analysis. This result indicates that
the mechanism of the IIICQ for the epitaxial Ag/Si s111d films is very similar to that of the ion
bombardment enhanced grain growth. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1791753]
I. INTRODUCTION
Irradiation of materials with energetic ions alters their
chemical or physical properties as a result of nuclear colli-
sions and electronic excitation. In materials processing using
ion beams, the irradiation effects contribute to low-
temperature processing, such as ion beam induced epitaxial
crystallization (IBIEC),1–4 ion bombardment enhanced grain
growth (IBEGG),5–8 and ion beam smoothing.9–12
High energy (several MeV) ion beams have been applied
to the improvement in crystal quality of epitaxially grown
thin films. In this paper, the phenomenon of improvement in
crystal quality of an epitaxial film by ion irradiation is here-
after referred to as “irradiation-induced improvement in crys-
tal quality (IIICQ).” Satoh et al.13,14 succeeded in improving
the crystal quality of CeO2 thin films on Si s100d substrates
by irradiation with MeV heavy ions such as those of C and
Si. By using an ingenious technique of channeled ion irra-
diation, they have shown that electronic excitation, rather
than nuclear collisions, dominates the IIICQ in the CeO2
film.14 Although details of the mechanism of the IIICQ are
not completely understood, the creation of electron-hole
pairs through electronic excitation may enhance the mobility
of vacancies and/or interstitials, which then leads to atomic
rearrangements.
Lulli and Merli15 discussed the role of electronic excita-
tion in amorphous-to-crystal transformation in Si. Nakata16
confirmed the evidence of enhanced epitaxial crystallization
of an amorphous Si by electronic excitation. In the case of
materials with ionic or covalent bonds, electronic excitation
as well as nuclear collisions can affect the kinetics of cre-
ation and migration of vacancies and/or interstitials, compli-
cating the process of IIICQ in insulators or semiconductors.
In contrast, when considering irradiation effects on me-
tallic materials, atomic displacement through nuclear colli-
sions is dominant, so that electronic excitation can be ne-
glected, except for the special case using swift heavy ions
with a kinetic energy .1 MeV/u.17,18 Therefore, the process
of IIICQ in metals is simpler than that in insulators or semi-
conductors. This fact enables the simplification of investiga-
tions into the mechanism of IIICQ in metals.
In our previous work,19,20 it has been found that crystal
quality of epitaxially grown Ag and Cu thin films on
Si s100d substrates can be markedly improved by irradiation
with MeV ions. These results indicate that the improvement,
which originates from the decrease in mosaic spread in the
films, is attributed to nuclear collisions. Furthermore, it is
speculated that the IIICQ in the Ag and Cu films is a phe-
nomenon similar to IBEGG, in which atomic rearrangements
occur at grain boundaries. Sundaravel et al.21 observed II-
ICQ, similar to our findings, for grainy epitaxial Ag fllms on
Br-passivated Si s111d substrates. They concluded that the
IIICQ might result from grain coarsening, although clear evi-
dence has not been presented yet.
In this work, the effects of ion irradiation on crystal
quality of epitaxial Ag s111d films deposited on Si s111d
substrates have been studied in order to clarify the mecha-
nism of the IIICQ. Rutherford backscattering spectroscopy/
channeling (RBS/C) and x-ray diffraction (XRD) were used
to characterize the ion-irradiated films. The aim of the
present study has been to show the evidence that the atomic
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rearrangements can occur at oriented/misoriented grain
boundaries, resulting in the IIICQ. For this purspose, f111g
preferentially oriented polycrystalline Ag films, as well as
the epitaxial Ag films, were irradiated under the same con-
ditions because the grain growth, (i. e., the atomic rearrange-
ments at grain boundaries) in such polycrystalline films can
be easily observed by using a u−2u scan in XRD analysis.
The results of irradiation-induced grain growth are expected
to shed light on the mechanism of the IIICQ.
II. EXPERIMENT
A detailed description to prepare epitaxial Ag films was
given earlier.19 Substrates used were single-crysta1 Si of
f111g orientation for the epitaxial films and glassy carbon for
the f111g preferentially oriented polycrystalline films. Thick-
ness of the films was 80–90 nm, approximately.
The experiments using ion beams were performed using
a 1.7 MV tandem accelerator erator at the Institute for Ma-
terials Research, Tohoku University. Irradiation with
0.5 MeV Si+ ions was out to doses ranging from 0.3
31016/cm2 to 631016/cm2 at the current density of
0.5 mA/cm2. A variety of ion species, 0.5 MeV F+,
2.1 MeV Si2+, and 3.3 MeV S2+, were also used to irradiate
the samples to examine the effect of electronic excitation on
the change in crystallinity. Energies of the respective ions
were chosen so that their projected ranges, predicted by
TRIM,22 were much larger than the film thickness, and
collision-induced defects would distribute almost uniformly
along the depth under this condition. The sample was
mounted on a LN2 cooled stage. The temperature of the
sample during irradiation was measured to be −150±3°C.
The quality of the Ag crystalline films was analyzed by
RBS/C with 2 MeV 4He ions. The backscattered particles
were detected at 170° with a surface barrier detector. XRD
using Cu-Ka radiation was used to investigate the structure
of the Ag films. Pole figures for the epitaxial Ag films were
obtained using Schultz reflection method.18,19 In pole figure
analysis, the sample was tilted ranging from 40° to 80° with
respect to the diffraction plane. The preferentially oriented
polycrystalline Ag films were characterized by u-2u method.
III. RESULTS
Figure 1 shows the typical f111g aligned spectra taken
from the Ag/Si sample before and after irradiation with
0.5 MeV Si ions to a dose of 631016/cm2 at −150°C. The
minimum yield xmin at the Ag surface for f111g axial chan-
neling is 49% before irradiation, and is decreased to 18%
after irradiation, indicating that irradiation greatly improves
the crystal quality of the epitaxial Ag film. The decrease in
the minimum yield xmin as a function of ion dose will be
described in the following section in terms of the cross sec-
tion for the IIICQ.
As shown for the Si signals in Fig. 1, the aligned yield in
the ion-implanted region, which extends from the Ag/Si in-
terface to the depth of ,0.84 mm, reaches the random level.
This result shows that the Si substrate implanted is turned
into an amorphous state. Thus the improvement in crystal
quality of the Ag film does not result from the layer-by-layer
mechanism as has been observed in IBIEC,1–4 but from the
mechanism that occurs inside the Ag film.
Figure 2(a) shows the pole figure for h111j poles for the
Ag/Si sample before irradiation. Two types of diffraction
patterns, denoted by “A” and “B”, indicate that two types of
epitaxial orientations exist in the Ag/Si sample. The position
of the diffraction pattern for the type-A grains is the same as
the position for the Si substrate. Accordingly, the epitaxial
relationship for the type-A structure is Ags111diSis111d with
Agf01¯1giSif01¯1g. On the other hand, the type-B grains have
the orientation of Ags111diSis111d with Agf011¯giSif01¯1g
because the type-B pattern has a mirror symmetry for the
type-A pattern on the s111d plane. Thus, these two orienta-
tions have a twinning relationship with each other; this twin-
ning has been often observed for Ag/Si s111d system.25–27
As shown in Fig. 2(b), the diffraction intensity for the
type-B structure decreases considerably after irradiation with
Si ions to a dose of 631016/cm2 at −150°C. The intensity
ratio of the type-B pattern to the type-A pattern, referred to
as B/A ratio hereafter, decreases from 0.30 to 0.02 by irra-
diation. Park et al.25 reported that diffraction lines due to
type-B grains in twinning Ag/Si s111d films completely dis-
appeared after annealing at 500°C for 30 min. The present
result, obtained from irradiation at −150°C, is essentially
consistent with their findings. Furthermore, the linewidth of
azimuthal angle for the type-A pattern becomes much nar-
rower after irradiation; the full width at half maximum
(FWHM) of azimuthal angle changes from 6.4° to 3.8°. It is
worthy of notice that the FWHM value of 3.8° for the type-A
pattern is comparable with that for Si s111d lines measured
before irradiation s3.7°d. This result shows that irradiation
effectively annihilates mosaic structure in the type-A grains.
According to RBS/C and XRD analyses, the epitaxial
Ag film was found to consist of epitaxial f111g grains and
defects including misoriented grains and twins. As described
above, we observed the significant improvements in crystal
quality of such an Ag film due to irradiation with 0.5 MeV Si
ions at −150°C as follows: (i) the minimum yields decreased
in RBS/C analysis;(ii) the B/A ratio was reduced in XRD
analysis. (iii) the linewidth for the type-A grains was nar-
FIG. 1. Random (broken line) and f111g axial aligned (solid line) spectra for
2 MeV 4He ions incident on the as-deposited Ag/Si(III) film and following
irradition with 0.5 MeV Si+ to a dose of 631016/cm2 at −150°C.
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rower in XRD analysis. Table I summarizes these observa-
tions. The improvements (i) and (iii) indicate the increase in
the density of an epitaxial f111g grain or the decrease in the
density of a misoriented grain. The improvement (ii) means
the decrease in the density of a twin.
One possible explanation for the improvements is that
irradiation induces preferential growth of the major epitaxial
f111g oriented type-A grains at the expense of the minor
type-B grains as well as the misoriented type-A grains then
leads to the improvement in crystal quality of the epitaxial
Ag film. A question may arise as to whether grain growth can
really occur under the irradiation conditions above.
Irradiation-induced growth of f111g oriented grains can be
easily observed for a f111g preferentially oriented Ag film by
using u-2u scan of XRD analysis. Next we present XRD
results on the f111g preferentially oriented Ag film irradiated
with Si ions. Irradiation conditions including the energy of Si
ions s0.5 MeVd and the irradiation temperature s−150°Cd
were the same with those for irradiation to the epitaxial Ag
film.
Figure 3 shows XRD patterns of the Ag film deposited
on glassy carbon (GC) before and after irradiation with Si
ions to a dose of 331016/cm2 at −150°C, where the signals
of scattering from the GC substrate were subtracted. In the
XRD pattern for the as-deposited Ag film, the intensity ratios
of Is111d / Is200d and Is111d / Is220d are ,5 and ,20, respectively,
much larger than those for a randomly oriented polycrystal-
line Ag (Is111d / Is200d=2.5 and Is111d / Is220d=4.0).28 Thus the
XRD analysis reveals that the Ag film deposited on GC is
polycrystalline with f111g preferred orientation. The inten-
sity of the s111d line increases as the irradiation dose is in-
creased up to 331016/cm2, indicating that irradiation in-
duces growth of f111g oriented crystallites. The tendency is
plotted in Fig. 4, which also includes FWHM values of the
s111d line. The crystallite thickness less than 100 nm can be
estimated by measuring the width of the diffraction line.29,30
The intrinsic peak width of the diffractometer was measured
by a Si s111d wafer and was estimated to be 0.22°. The
FWHM values are found to be almost constant at 0.24°,
yielding the averaged thickness of the f111g oriented grains
of 96 nm, which is comparable with the film thickness. The
large increase in the s111d intensity in Fig. 4 suggests, there-
fore, that grain growth occurs predominantly in a lateral di-
rection by irradiation.
FIG. 2. XRD pole figures for h111j poles for (a) the as-deposited Ag/Si film and (b) following irradiation with 0.5 MeV Si+ to a dose of 631016/cm2 at
−150°C.
TABLE I. Dose dependence of the improvement in crystal quality of the
Ag/Si s111d film induced by 0.5 MeV Si+ irradiation at −150°C.
Si+
dose s1016/cm2d
Minimum yielda
xmins%d B/A ratiob
Linewidthc
FWHM sdegd
0 49 0.30 6.4
3 22 0.05 4.7
6 18 0.02 3.8
aThe minimum yields were measured at the Ag surface.
bThe intensity ratio of the type-B pattern to the type-A pattern in the pole
figure of XRD analysis.
cThe linewidth of azimuthal angle for the type-A pattern in the pole figure of
XRD analysis.
FIG. 3. XRD patterns of the Ag/GC sample before and after irradiation with
0.5 MeV Si+ to a dose 331016/cm2 at −150°C. In these patterns, the back-
grounds from the GC substrate are subtracted from the original signals.
4168 J. Appl. Phys., Vol. 96, No. 8, 15 October 2004 Takahiro et al.
Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
IV. DISCUSSION
First, to discuss quantitatively the kinetics of the IIICQ,
we evaluate the cross section for the IIICQ by using RBS/C
data. The minimum yield xmin for the epitaxial Ag film, mea-
sured at the surface layer, is nearly equal to the population of
displaced atoms, because a dechanneling effect by defects
can be neglected at the surface layer and xmin for a perfect
Ag crystal is relatively small s,4%d.31 The RBS/C analysis
reveals the decrease in the number of displaced atoms, that
is, the increase in the density of an epitaxial f111g oriented
grain, due to ion irradiation.
Assuming the first order kinetics for the IIICQ, the areal
density, Nepi, of an epitaxial f111g oriented grain increased
after irradiation with an ion dose, F, is given by
NepisFd
Nepis‘d
= s1 − e−siFd , s1d
where si is the cross section for the IIICQ, Nepis‘d the areal
density of an epitaxial f111g oriented grain grown at infinity
dose. The cross section for the IIICQ can be estimated from
the decrease in the minimum yield in RBS/C analysis as a
function of ion dose. We now define the degree of improve-
ment in crystal quality a,
a ;
xmins0d − xminsFd
xmins0d
. s2d
In f111g axial channeling, xmin is roughly proportional to the
areal density of displaced atoms (or a misoriented grain) at a
surface layer, so that
xminsFd <
N − nepisFd
N
, s3d
where N is the total areal density, defined as the product of
Ag atomic density and the thickness of an analyzed surface
layer, nepisFd the areal density of an epitaxial f111g oriented
grain that is equivalent to NepisFd+nepis0d. Then we have the
relationship between a and si by using the Eqs. (1)–(3)
a =
Nepis‘d
N − nepis0d
s1 − e−siFd . s4d
In Fig. 5, the a is plotted against 0.5 MeV Si+ dose
together with a fitted curve in the form of the Eq. (4). The
value of si is determined to be 1.9±0.2310−16 cm2 with the
least-square fitting procedure. The obtained value of si itself
may not have any exact physical meaning, but will be useful
to discuss the mechanism of the IIICQ.
In the present study, we observed grain growth in a lat-
eral direction in the ion-irradiated polycrystalline Ag film.
Next, we analyze XRD data to obtain the cross section for
the grain growth and then compare it with si.
Assuming that the grain growth process obeys the first-
order kinetics with respect to the areal density of a grain.
Hence, the areal density, Npoly, of a f111g oriented grain
grown after irradiation is given by
NpolysFd
Npolys‘d
= s1 − e−sgFd , s5d
where sg is the cross section for the grain growth and
Npolys‘d the areal intensity of a f111g oriented grain grown at
infinity dose. Npoly is in proportion to the intensity of the
s111d line in the XRD analysis. Hence, the XRD intensity in
the form of sI− I0d / sI‘− I0d should be equal to the right-hand
side of the Eq. (5), where I is the normalized intensity, I0 the
normalized intensity for the unirradiated film, and I‘ the nor-
malized intensity at infinity dose. The exponential fits to the
XRD data in Fig. 4 yield a cross section of 1.8±0.1
310−16 cm2 very close to sis1.9±0.2310−16 cm2d. This re-
sult indicates similarity in mechanism between the IIICQ and
IBEGG.
We mention the mechanism of the IBEGG. Atwater et
al.7,8 pointed out that grain boundary motion in IBEGG is
limited by interfacial rearrangements which occur at grain
boundaries. That is, the observation of IBEGG is the evi-
dence for atomic rearrangements at the grain boundaries. The
cross section sg obtained is, therefore, closely related with
the cross section for the interfacial atomic rearrangements.
Because of the similarity between si and sg, the IIICQ is
supposed to be governed by the atomic rearrangements at
various interfaces such as f111g oriented/misoriented grain
boundaries and twin boundaries.
FIG. 4. Intensity and FWHM of the s111d line in XRD patterns of the
Ag/GC sample as a function of Si+ dose. The solid curve shows the fit to an
exponential function as described in the Sec. IV.
FIG. 5. The degree of improvement in crystal quality a obtained by the
RBS/C spectra for an epitaxial Ag film as a function of Si+ dose. The solid
curve shows the fit to an exponential function as described in the Sec. IV.
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Furthermore, according to the study by Atwater et al.,7,8
the migration rate of the grain boundary is proportional to
the energy deposited by nuclear collisions. Therefore, if the
IIICQ results from the irradiation-induced atomic rearrange-
ments at various interfaces, an elastic collision event pre-
dominates the improvement. Accordingly, the degree of the
improvement would be sensitive to the amount of atomic
displacement only, not to the energy deposited by electronic
excitation. Finally we examine the effects of nuclear colli-
sions and electronic excitation on the IIICQ.
As shown in Fig. 5, the a rapidly increases up to a dose
of 131016/cm2 [,10 dpa (displacement per atom)], and
then gradually increases above that dose. Therefore, the II-
ICQ can be easily observed until the dose corresponding to
10 dpa. Figure 6 shows the correlation between the degree of
improvement in crystal quality a and the electronic energy
deposition for the Ag film irradiated to 3.2 dpa, where the
dpa and the electronic energy deposition are estimated by
using the TRIM.22 The a is almost constant within the range
of 1–4 keV/nm, indicating that electronic excitation does
not contribute to the decrease in the minimum yield. Thus we
concluded that only atomic displacement due to nuclear col-
lisions improves crystal quality of the epitaxial Ag film. This
result supports our suggestion that the improvement in crys-
tal quality results from the irradiation-induced atomic rear-
rangements at the boundaries between the f111g oriented and
the misoriented grains.
V. CONCLUSION
We have demonstrated that irradiation with high energy
ions at −150°C significantly improves crystal quality of the
epitaxial Ag films deposited on Si s111d substrates. The im-
provements are the annihilation of twins and misoriented
grains. In addition, for the polycrystalline Ag films with
f111g preferred orientation, lateral grain growth is observed
after irradiation at −150°C, indicating that the interfacial
rearrangements occur at grain boundaries perpendicular to
the s111d surface. We conclude, therefore, that the
irradiation-induced atomic rearrangements at the twin
boundaries and at the boundaries between the f111g oriented
and the misoriented grains lead to the improvement in crystal
quality of the epitaxial Ag films; the conclusion is also sup-
ported by the result that nuclear collisions predominate the
improvement.
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